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FOREWORD

This final report on work performed under Contract
NAS 5-9168 summarizes the program devoted to the eval-
uation of calcium and magnesium hydroxide films for use
as separators in silver-cadmium cells, The work was
sponsored by the Goddard Space Flight Center in Green-
belt, Maryland.

The work was conducted at the General Electric Com-
pany's Research and Development Center in Schenectady,
New York. Dr. J. A. Consiglio was the project engineer.
Dr. W. N. Carson provided technical guidance in planning
the experimental program and in interpretation of experi-
mental results. Mr. E. L. Roberts performed most of
the experimental work.
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Section 1

SUMMARY

The objective of this program was the evaluation of thin electrodeposited
films of calcium and magnesium hydroxides for use as separators in silver-
cadmium .cells. Potential gains to be achieved with these separators are
increased thermal stability at elevated temperatures and a reduction in sil-
ver migration with lower overall separator thickness requirements,

The work program was conducted in two phases. The first phase consis-
ted of an investigation to determine the éffect of process parameters on the
resulting film properties.

The parameters investigated were electrolyte type, concentration, cur-
rent density and electrode substrate condition with respect to state of charge
and liquid content. The principal film characteristics determined as a func-
tion of the above parameters were film weight, film thickness and density,
and changes in resistance attributed to the film. In addition to these quanti-
tative film characteristics, film adherence and uniformity of coverage of the
electrode were determined on a qualitative basis.

The second phase of the work was concerned with evaluating the perfor-
mance of the coated electrodes in terms of capacity developed under short
term charge-discharge cycling, polarization increases contributed by elec~
trodes with films of varying thickness, and control of silver transport. In
addition, the effect of sterilization at 145°C on the above performance
criteria was evaluated.

The process parameter studies showed that the calcium hydroxide films
on silver electrodes were more adherent and uniform in electrode coverage
than the magnesium hydroxide films. For the calcium hydroxide films, the
preferred process parameter ranges for obtaining adherent film thicknesses
of one to five mils per side are: electrolyte concentrations of 70 to 280
grams per liter of calcium acetate buffered with one to two grams per liter
of calcium hydroxide using current densities of 75 to 150 milliamperes per
square centimeter. Film adherence was improved by depositing films on
silver electrodes which had previously been cycled once and discharged and
which contained no liquid in the pores prior to immersion in the coating bath.
Film weight and thickness were found to correlate as a linear function of the
ampere-hour product. The coulombic efficiency in the preferred process
variable range approached 50 percent, The film densities based on photomic-
rographic examination and calculations from weight gain and thickness deter-
minations are in the range of 85 to 100 percent of the theoretical calcium hy-
droxide density. The resistance increases caused by the film as measured by
a 1000 cycles per second bridge did not correlate strongly with film thickness,
weight increase or ampere-hour product.



The performance evaluation studies showed that the coated electrodes
developed their nominal capacity after short term, constant current charge
and discharge cyclic tests (six to twelve cycles). Polarization measurements
on coated silver electrodes showed no large increases as a function of film
thickness or when compared to uncoated electrodes at discharge rates equiv-
alent to a one C rate. At 0.1 ampere (~0.1 C rate) coated electrode polar-
ization values ranged fi'om 4 to 13 percent lower than the average of uncoated
electrodes. At 1.0 ampere (~1.0 C rate) the polarization values ranged
from 10 percent lower to 20 percent greater than the average for the uncoated
electrodes.

The films are effective in controlling silver transport based on analysis
made after a short number of cycles (six to twelve). The silver transported
through the films and collected on a nylon separator ranged from 13 to 55
percent of the amounts collected for uncoated electrodes. The sterilization
studies showed that the coated electrodes could be heated to 145°C for a per-
iod of 40 hours in either degassed 31 percent by weight potassium-hydroxide
solution or in nitrogen without the loss of the coating. The performance of
these electrodes in subsequent cell tests with respect to capacity, polariza-
tion and silver transport was similar to that obtained with unsterilized coated
electrodes.

Ten five-ampere-hour silver-cadmium cells were modified and will be
tested by Goddard Space Flight Center personnel for longer term performance
evaluation. Five of these cells contain silver electrodes coated with calcium
hydroxide of a nominal film thickness of two mils and five cells have a nom-
inal film thickness of five mils.




Section 2

INTRODUCTION

This report summarizes the research and development work performed
under Contract NAS 5-9168. The work program was aimed at evaluating thin,
electrodeposited films of calcium and magnesium hydroxide for use as sepa-
rators in silver-cadmium cells. The principal potential advantages to be
gained from the successful development of these separators are an increase
in chemical stability of the cell separators at elevated temperature and a re-
duction in silver migration.

The objective of the program was twofold: first, to determine the effect
of process parameters on film thickness and porosity, film resistance, and
adherence of the films on representative silver and cadmium electrodes;
second, to evaluate the performance of these films in single silver electrode
cells in terms of capacity developed, internal cell resistance, increase in
polarization characteristics, control of silver transport, and stability at
elevated temperatures.

Prior to this contract, the General Electric Company had been investi~-
gating the feasibility of using thin films of electrodeposited calcium and mag-
nesium hydroxide as separators, mainly in nickel-cadmium cells. Some ex-
ploratory experiments with these films on silver electrodes showed significant
reductions of silver transport from the electrode to the electrolyte phase dur-
ing extended periods of charge and overcharge and also during prolonged
periods of distharge (3 months) at low discharge rates (1-10 milliamperes)
in silver-zinc cells. The ability of these films to prevent or reduce silver
migration during cyclic operation had not been tested and was one of the areas
to be investigated under this contract. In addition, the films deposited on
commercially available silver electrodes increased the internal resistance
of the test cells by factors of 10 to 20, compared to uncoated electrodes.

This resistance increase is related to the porosity and pore size of the elec-
trode structure, the extent to which the pores are filled with film, and the

total thickness and porosity of the film. It was therefore necessary to deter-
mine the film deposition process conditions, which minimized the resistance
increase, and at the same time formed films of adequate structural integrity.

COATING PROCESS DESCRIPTION

The films are deposited directly on the surfaces of the battery plates by
making the plate the cathode in an electrolysis cell, using soluble salts of
calcium or magnesium as the electrolyte. Although, theoretically, any soluble
calcium or magnesium salt may be used, the nitrate and acetate have been
found to give the most desirable results.

The mechanism of the electrodeposition process involves the discharge of
hydrogen gas at the cathode via the following reaction:



2H,0 +2e — H, + 20H

As the electrolysis proceeds and hydrogen gas is evolved, the local concen-
tration of hydroxyl ion at the cathode-electrolyte interface becomes high
enough to exceed the solubility product of calcium or magnesium hydroxide,
and precipitation of the hydroxide takes place on the surface of the cathode.
With the use of an inert ancde, such as stainiess steel in combination with
an aqueous solution of calcium acetate, the overall reaction is:

Ca (C2H302)2 + 3H20 —~ Ca (OH)2 + 2HC2H302 +H2 +1/2O2

The oxygen is evolved at the anode and results from the oxidation of
water at its surface
2H,0 — O, +4H' +4e
Since acetic acid is produced in the reaction, which tends after a period of
time to make the solution unduly acid, solid calcium hydroxide powder may
be added prior to or during the electrolysis. Such additions serve not only
to keep the pH of the electrolyte constant but also to keep the concentration
of calcium acetate constant. The solid calcium hydroxide will react with the
acetic acid according to the following reaction:
Ca (OH)2 + 2HC2H3O2 — Ca (C2H302)2 + 2H20
The overall reactions which occur when using magnesium acetate, magnesium
nitrate and calcium nitrate are:

1. Mg (C,H,0,), + 3H,0 — Mg (OH), +2HC,H,0, +H

30504 +1/202

2

2. Mg (NO3)2 +3H,0 — Mg(OH)2 + 2HNO, + H_, + 1/202

2 3 2

3. Ca (Nog), +3H,0 — Ca (OH), + 2HNO, + H, + 1/20,

Of course, in Equations 1 and 2, magnesium hydroxide will be deposited
and magnesium oxide or hydroxide powder should be added to the electrolysis
cell to neutralize the hydrogen ion released at the anode.

The above reactions apply to the process when using fully discharged elec-
trodes. In the case of fully charged positive electrodes, the coating process
tends to discharge the electrode with the production of hydroxyl ions. These
in turn will cause precipitation of calcium or magnesium hydroxide without the
evolution of hydrogen.

PROGRAM SCOPE

It was proposed to conduct the work in three phases:
Phasel -- Coating Process Parameter Studies

Phase II -- Electrode Performance Studies




Phase I11 -- Cadmium Electrode Studies

The work to be done in each phase is outlined below.

4

Phase I -- Coating Process Parameter Studies °

The objective of these studies was to determine the effect of the deposi-
tion process parameters and elecirode surface condition on the resulting film
properties. The process parameters investigated were electrolyte type, cal-
cium and magnesium acetate, electrolyte concentration, current density, and
electrode substrate condition. Commercially available silver electrodes were
to be used.

The film characteristics which were determined were weight, thickness,
uniformity, composition, and resistance in potassium hydroxide solutions as
a function of deposition conditions and thickness. The stability of the films
at temperatures of 1459C was also investigated.

Phase II -- Electrode Performance Studies

The objective of these studies was to evaluate the performance of coated
electrodes in comparison to uncoated electrodes. The principal characteris-
tics examined were electrode capacity, polarization, and internal cell resis-
tance for varying coating thicknesses. Also, the amount of silver transported
through the films after short term cycling tests was examined.

The effect of sterilizing coated and uncoated electrodes at 145°C for a
period of forty hours on the above performance characteristics was also in-

vestigated.

Phase IIl -- Cadmium Electrode Studies

Work in this area was contingent upon examining the results from test
cells containing only coated silver electrodes. If these results indicated that
a suitable minimum electrode-separator resistance could not be readily ob-
tained, then cadmium electrodes would be coated and evaluated, The results
obtained in test cells containing coated silver electrodes were sufficiently
promising and therefore no work was done with cadmium electrodes.




Section 3

TECHNICAL DISCUSSION

EXPERIMENTAL PROCEDURES AND EQUIPMENT

The experimental procedures and equipment used in the various phases of
the program are described in this section. These will be treated under four
categories: coating process, electrodes, film characteristics, and electrode
performance characteristics.

Coating Process

The coating of electrodes was done in an experimental setup shown sche-
matically in Figure 1. The electrolyte (approximately one liter) bath was con-
tained in a two liter beaker mounted on a variable speed magnetic stirrer --
Will Corporation Model 252300. The electrode to be coated was immersed in
the bath and was centered between two planar counter electrodes made of stain-
less steel screen. The screens were approximately three inches square. Sep-
aration between the electrode being coated and the counter electrodes was ap-
proximately one inch. Connection to the electrode being coated was made with
an alligator clip. To obtain high coulombic efficiency and assist in obtaining
uniform coating of the electrode, it was necessary to insulate connecting elec-
trical leads penetrating the electrolyte. Electrolyte pH and calcium or mag-
nesium ion concentration were controlled by periodic addition of one gram
quantities of the hydroxides of calcium or magnesium. Chemicals used inthe
makeup of the electrolytes and other solutions in the program were certified
reagent grade purchased from the Fisher Scientific Company.

A coating run was made at a constant current controlled by the direct<cur-
rent power supply -- Harrison Laboratories Model 808A. The coating time was
monitored with a stop watch. During the coating process, the voltage rise
was monitored. This served as a rough guide to coating thickness build-up.

Electrodes

The silver electrodes used in the program were obtained from commer-
cially available cells. Three types of electrodes were used:

Electrodes from "Silcad" cells Yardney Model YS5-(S)-4.
These plates have a nominal capacity of one and one-quarter
ampere-hour. The plate dimensions are approximately 1-1/2
inches by 1-5/8 inches, 28-29 mils thickness, and weigh®6.5
to 7. 0 grams in the discharged state.

Electrodes from ''Silcad" cells Yardney Model YS5. These
plates have a nominal capacity of one ampere-hour. The plate
dimensions are 1-7/16 inches by 1-3/4 inches, 22-23 mils
thickness and weigh 4.7t04.9 grams in the discharged state.
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Electrodes from Electric Storage Battery Company used in

the Mariner Satellite cells, These plates were cut down to

a sample size of 1-7/16 inches by 1-3/4 inches, 20-21 mils
thickness and weigh 4. 0 to 4. 3 grams. The nominal capacity "
of the plates is 0. 33 ampere-hour per gram of active material,
The screen grid weight is 0, 2 gram.per square inch of electrode
area.

During the course of the work, electrodes were pretreated to determine
the effect on coating uniformity, adherence and resistance increase. The
pretreatments were of two kinds -- one with respect to the state of charge
of the electrode and the other with respect to the presence or absence of
electrolytes within the porous electrode structure prior to deposition of the
film on the electrode., The state of charge of the electrodes prior to coating
were as follows:

1.
2.

Uncharged as removed from the commercial cells.

Cycled-discharged, cycled once, charged at 200 milliamperes for

five hours for plates of one ampere-hour nominal capacity and for
six hours for 1.2 ampere-hours nominal capacity plates. The dis-
charge was at 250 milliamperes for four and five hours respectively
for the two plate capacities and then shorted to the cadmium counter
electrode overnight.

Cycled-charged, cycled once as described above (2) and then charged

again at 200 milliamperes for five and six hours respectively for the
two nominal capacities.

Reverse Coated, electrodes of types (1) and (2) above, were partially

charged in the coating electrolyte for a period of ten to twenty min-
utes prior to reversing the polarity and then proceeding with the de-
position of the hydroxide.

The electrodes in one of the above conditions were pretreated by one of
the following steps prior to immersion and coating in the electrolyte. The
designations used in the report to identify these pretreatments and descrip-
tions of the treatments are as follows:

1.

Potassium Hydroxide -- the electrode was soaked in a 31 percent by

weight solution of potassium hydroxide for a period of twenty-four
hours, removed from the solution, and the excess solution was
sponged off with a paper towel.

Water -- the electrode was first soaked as described in Item 1
above, then rinsed in distilled water until the water rinse was es -
sentially neutral, removed from the water, and excess water was
sponged off with a paper towel.

Dried -- the electrode was treated as described in Item 2 and then
was dried in an air-circulating oven at 145°C for a period of two
hours.




Film Characteristics

The primary film characteristics determined in the course of the program
were film weight, film thickness, and resistance increase. These character-
istics were determined as a function of electrolyte type and concentration,
current density; and coating time,

Film weight was determined by weighing the electrode before and after
coating; generally, the electrode was in the discharged state. The electrode
was dried in an oven at 145°C for at least one hour prior to making the weight
measurement.

Film thickness was det ermined from micrometer measurements that were
made on the electrode before and after coating. The values reported are the
differences of the average of at least five measurements made on each elec-
trode before and after coating. The measurements were made at the four
corners of the electrode and in the center.

Resistance increase contributed by the film was determined with a 1000
cycles per second bridge -- General Radio Model 1650A. The procedure was
to measure the resistance of the electrode against an inert electrode, in a
cell containing 31 percent by weight solution of potassium hydroxide at elec-
trode separation increments of 0.5, 1.0, and 1,5 inches. These resistance
values were extrapolated to zero separation to obtain the effective resistance
of the electrode-electrolyte interface, The resistance gain values reported
are the difference between extrapolated values before and after coating.

In addition to these quantitative characteristics, electrodes were exam-
ined visually for completeness of coverage after coating. The adherence of
the coating was evaluated qualitatively by hand-rubbing the coating in the
dried state with a paper towel. For the more adherent films, this rubbing
process resulted in the removal of a small amount of powdery hydroxide from
the surface of the coating. A more quantitative index of the adherence of the
films emerged from observations made while making 1000 cycles per second
resistance measurements on the coated electrodes. Poorly adhering films
generally sloughed off the electrodes during the soaking of the electrode in
distilled water or in the 31 percent by weight solution of potassium hydroxide
prior to making the resistance measurements.

Film porosity was not determined by direct measurements. Approximate
calculations based on the weight gain and film thickness for the thicker films
showed that the film density approaches the theoretical density of the hydroxide.
Photomicrographic examination of sectioned coated electrodes at magnifica-
tions up to 750 X showed no discernible pore structure.

Electrode Performance Characteristics

The primary performance characteristics tested for the coated electrodes
were capacity and polarization. The capacity was determined by short term

10




cyclic charge and complete discharge at a constant current (6 to 12 cycles).
These tests were conducted in open flooded test cells containing one coated
electrode between two sintered matrix type cadmium counter electrodes.
The electrolyte was 31 percent by weight solution of potassium hydroxide.
In the first test cells the electrodes were assembled without any separator
between electrodes. Subsequent testing showed that shorts would develop in
the course of the cycling, primarily at the edges where in many cases the
electrodes were not completely coated. Later test cells employed one or two
layers of nylon separator (approximately 10 mils in thickness) wrapped
around the coated silver electrode and an open mesh plastic grid between
the wrapped electrode and the cadmium counter electrodes. Cell potential
was recorded during charge and discharge on Rustrak recorders.

Individual silver electrode potential was measured against a mercury-
mercuric oxide reference electrode. The reference electrode fitted into a
well that was connected to the cell electrolyte by a 1/16-inch diameter hole
at the bottom of the test cell, The polarization of the silver electrode was
determined at various discharge currents up to one ampere (approximately
one C rate).

The effectiveness of the films in reducing silver transport was determined
by analyzing the nylon separator and in some cases the cell electrolyte for
silver content. For the separator, the analytical method employed was to
add excess ammonium hydroxide to complex the silver. The solution was
boiled and taken to dryness. Water was added, the nylon separator was re-
moved, and the solution acidified with 30 percent by weight nitric acid. The
silver was precipitated with sodium chloride, filtered, washed, dried, and
weighed, The results are reported in milligrams of silver chloride. Com-
parative tests were made with uncoated electrodes.

The effect of sterilizing the coated silver electrodes at 145°C was also
investigated. The procedure was varied, since problems with the electrodes
showing low capacity after sterilizing developed in the course of the work.

The procedure used in the early tests consisted of immersing the electrodes
in a solution of 31 percent by weight potassium hydroxide contained in a Teflon
beaker, The Teflon beaker in turn was set into a steel bomb and sealed. The
sample was then heated in an oven at 145°C for a period of 40 hours.

Later sterilizations were conducted in two modes. One mode,designated
as Dry, consisted of placing the electrodes in the beaker and bomb assembly,
flushing the system for 5 to 10 minutes with dry nitrogen, and then sealing the
bomb. The sample was then heated as described above. The second mode
was designated as Wet, and the potassium-hydroxide solution was first degas-
sed by boiling for approximately fifteen minutes. The balance of the precedure
was as described above,

11




COATING PARAMETER STUDY RESULTS

The deposition process variables and electrode states, as well as the
value range of the variables investigated, are summarized in Table 1. The
sequence in which the effect of variables on film characteristics were in-
vestigated is outlined below and is followed by a discussion of the results
and conclusions.

Table 1
FILM DEPOSITION PARAMETERS
Value
Flectrochemical
Current Density 5 - 155 ma/cm?
Time 5 - 165 minutes

Electrolyte Concentration 70 - 350 g/1 calcium acetate
20 - 450 g/1 magnesium acetate
Hydroxide Buffer
Concentration 0-1g/1

Electrode State

Uncharged as-received condition

Cycled-discharged charged @ 200 ma for 6 hours
discharged @ 250 ma for 5 hours
for 1. 2 ampere-hour plates and
shorted overnight

Cycled-charged as above,then recharged @
200 ma for 6 hours for 1.2
ampere~-hour plates

Reverse Coated charged in coating electrolyte for
10to 20 minutes prior to coating

Pore Content 1. 31% potassium hydroxide
2. 1 plus distilled water rinse
3. 142 +dried @ 145°C in air

In the first part of the study, the objective was to determine: the relative
merits of calcium hydroxide films versus magnesium hydroxide films. This
was then followed by a more detailed study of the variables for the calcium
hydroxide films, since the magnesium hydroxide films were found to be in-
ferior to the calcium hydroxide films.

The exploratory runs to compare calcium hydroxide films versus mag-
nesium hydroxide films were made over a range of electrolyte concentrations
with and without excess solid hydroxide present in the electrolyte bath. In
each case the silver electrodes were coated over a range of current densities

12




varying the coating time at each current density to determine the range of
film weight, film thickness, and increase in resistance contributed by the
film. A given electrode was coated at fixed current density and fixed time,
For the majority of these runs the electrodes were in the uncharged and
dry state prior toimmersioninto the electrolyte for coating. A few runs
were made with electrodes cycled once in the discharged state as described
previously. During the course of these runs, there were variations in the
speed of the magnetic stirrer used to agitate the electrolyte. Furthermore,
the method of holding the electrode in the bath was varied in an effort to
minimize stray currents.

Exploratory Deposition Studies

The experimental data including process variable values and film charac-
teristic values for these tests are recorded in Appendices I and II for mag-
nesium hydroxide and calcium hydroxide films respectively.

For the magnesium hydroxide films, the range of electrolyte concentra-
tion was from 20 to 450 grams per liter of magnesium acetate saturated with
magnesium hydroxide. The current density range was from 3.9 to 46.5
milliamperes per centimeter squared. Coating times ranged from 30 to
120 minutes, with the majority of the runs being made at 30 to 60 minutes.
The electrodes used were taken from YS 5-(S)-4 cells. Sample electrodes
used were either one-half the original dimensions or uncut as removed from
the cells.

For the calcium hydroxide films the electrolyte concentration was held
constant at 70 grams per liter of calcium acetate saturated with calcium hy-
droxide. The current density range Wwas from approximately 15 milliamperes
per centimeter squared to 155 milliamperes per centimeter squared. Coating
time ranged from 5 to 165 minutes.

Film Characteristics -- The total film weight, film thickness, and the
resistance increase data were examined for correlation with the ampere-
minuté product. Typical data, “shown in Figures 2 through 6, illustraté the
relationship between these film characteristics and the ampere~m1nute pro-
duct for the range of current densities investigated..

Film weight and film thickness obtained from a given electrolyte concen-
tration were found to be linear functions of the number of coulombs trans-
ferred. Coulombic efficiency correlation with current density was not noted
on the basis of data in hand. The coulombic efficiency for the calcium hydrox-
ide films deposited from an electrolyte concentration of 70 grams per liter,
ranged from approximately 25 to 50 percent over the current density range
of 31 to 155 milliamperes per centimeter squared. For the more adherent
magnesium hydroxide films, the coulombic efficiency ranged from approxi-
mately 30 to 60 percent. The corresponding ranges of electrolyte concen-
tration and current densities for these tests were 20 to 450 grams per liter
and 15. 5 to 31 milliamperes per centimeter squared respectively.

13




STI®D #-(S)6SA woaq - ,,9T/%¢ X , 9T /€T - sdteld
S918[J JOATIS PodJBYOSY(] UO SWTLJ 9pIX0JpAH wnisaudeN g 2andtd

sainuly - 2Jadwy
08 0L 09 0SS oOv o0g 0C Ol o oL 09 05 oy o0¢ 02 O O

o B— 0
2| —|—1 =< 23
. 1o g2
° 3§
‘g @B
p11OS 9pPIXOIp €0 5
-Ay wmissudew 1/3 g ~ 20
21e190® €0 gt
wnisaudew 1/8 0L-0 n =
0
0°'1

o
[N}
sTTWt
SSOUNOTYL WTL g
14

. - ¢ 0
b .
2 T ' i
e ;o BE
€0 5
oF
0

730 jew 1¢ - £}Isus( juaJIIn) NEo\mE ¢ ‘g1 - Lysua(g jusaan)

]




STI®D $-(S)SSA - woaqg | 91/F¢ X ,,91/61 s9reld

S93B]J JOATIS PaSJeYOSI U0 SWIL] 9PIXOJIPAH wWNIoTe) -¢ oansig
sojnuty - aaadwy
Sv oy Ge 0¢€ 14 0¢ G1 01 S
I [ I _ 1
_ ! I IS
O
O.I —— —
o - T —
—

prios
aprxoapAy wniored 1/3 g
93831908 wntored 1/3 gL O

] MO

-
o
=

OO

NEo\mE 1¢ - LAy1susa@ jwuaaan)

)

)

swyo - sdo 0001
urer) aoue}sIsay

sTTw
$SWOIYY, WId

o
suread
uten ySrom

15



ST19D ¥-(S)SSA wodd ,,91/pg X ,91/€T S3¥Id
saje]q J9ATIS padaeyosig uo swild op1X0JpAH wnidre) ‘v sangdig
sojnuly - a1adwy

1 4 oy Ge 0€ G¢ 0¢ ¢l o1 S 0

pI[OS o
xoap£y wniored /8 0 _
ayejooe wniored 1/3 0L O

prros
xoap£Ly wnyoted 1/8 1
ajejaoe wniored /3 oL @

o, 4

\

|

ot
swyo - sc?o 0001
urern aoue}sIsay

|
N
o

16

|
(4]
sTTw
SSIUNOIYL, WITTI

L1

(4] -

o o
suread

uren y3rom

/

~ ~ NEo\mE Z9 - Ajrsua juaxan)d B

¥'o

—




- STI@D $-(S)SSA woad
-, 91/%2 X ,,91/81 - S91eld :SITeld JIATIS pedaeyosiq uo Swld 9pIXOJpAH winiofe) ‘G 2andrd

sonuIp - axadwy

<y 1137 e (113 G¢ 0¢ N | 01 g
(o]
T o | _ _ _ _ p— _ _
amp— —
Smsma— — -
¢HOYXED 0 o
ajejaoy wnioe) 1/8 0L O (0]
SHo)eD 1/8 1
2jeje0y wWnIdED 1/3 0L @
f | I | ! ] I | |
I | | 1 I | I | |
o

4

wo /ew g6 - AjIsua( jusaan)d

-

=
swyo- - 8d2.0001
urep 20URIFISIY

N
o

¥'0

sniu
SSaUNOTYL, Wl g

swead
uren YSrom

17



STIeD ¥-(S)SSX woad - |, 91/pg X, 9T/CT - S3BId
_ SaTeld J9ATIS pedaeyosi( uo SwWld 9PIX0JpAH WNIORD 9 aandrg

saurp - aaedury

4 ov Gge 0€ G¢ 0¢ S1 o1 S 0
® 0
I I e ' | I 1 1 | |
e—— """ o )
piros ———
aprxoapAy wmioreo /8 o 0 —1°0
ajejade wniored /3 0L O
p11OS h
ap1xoapAy wnioreo 1/8 1|
ajejaoe wWInioTed /3 0L @ =1¢°0
| I | | 1 ] | | | 0
-1
o KA
o) @)
—1¢€
] ] ] | I I | | | 0
® -11°0
O
—2°0
—H€°0
7 WO [BW GG T - Li1suag juaaan)
- ?%°0

sutyo - s8do 0001
urer) aoue}sisoy

sTIwt
SSBUNIIYL WITA

uren jysrom

18




Resistance increase values for the films in general showed a greater de-
gree of scatter and poorer correlation with ampere-minute product than either
the film weight or film thickness data. Some of the factors which contributed
to this are discussed more fully in the following text.

Some of the more qualitative film characteristics such as adherence and
uniformity of coverage, other observations, and general conclusions from

these exploratory runs are summarized below:

1. Adherence and Uniformity of Coverage

The adherence and uniformity of coverage of the magnesium hy-
droxide films to the electrode structure were generally poor, compared
to the calcium hydroxide films. The most adherent and more uniform
magnesium hydroxide films were obtained when excess solid mag-
nesium hydroxide was present in the electrolyte bath (greater than
1 to 2 grams per liter) or at the highest electrolyte concentration
examined (450 grams per liter of magnesium acetate). Practically
all of the magnesium hydroxide films sloughed off to varying degrees
when immersed in distilled water, or 31 percent by weight potassium
hydroxide solution. In some instances a very thin (thickness not
measured) insulating film remained on the electrode after the outer
portion of the film had sloughed off. The calcium hydroxide in gen-
eral did not slough off, and coverage, although not complete in many
cases, was definitely superior to the magnesium hydroxide films.

As a rule the films build up from the bottom edge of the electrode
toward the top. Coverage was poorest in the area of the electrical
connection to the electrode and around the edges. Longer coating
times tended to improve the overall coverage. In the next phase of
the work,insulation of all electrical leads penetrating into the elec-
trolyte and an increase in rotational speed of the stirrer in the bath
improved the coverage and uniformity of the film.

2. Other Observations and General Conclusions

Film thickness for the calcium hydroxide case of 4 to 5 mils per
side could be achieved with sufficient coating time at most of the cur-
rent density values tested. In most cases, for the magnesium hydrox-
ide, the ability to form films of comparable thicknesses was not pos-
sible, except for the concentration level previously noted. Evidence
that a significant film thickness was being achieved during a run could
be detected by the gradual increase in voltage across the cell, For
the thicker calcium hydroxide films (three to five mils per side) the
voltage rise was approximately forty volts. For the magnesium hy-
droxide films the voltage increase observed in all runs was less than
one volt. This was the case even when appreciable film thicknesses
(greater than one mil per side) were obtained. The factor or factors
contributing to this difference in coatability were not resolved during
the course of the work.
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It is believed that the lower solubility of the magnesium hydrox-
ide is the most significant factor in the difference of ability to coat
the electrodes and the adherence after coating.

It is postulated that for successful buildup of an adhering film
on the electrode the following conditions must be satisfied. The hy-
droxyl ions must be formed and retained in a thin boundary layer
adjacent to the porous metal electrode substrate. Initial precipita-
tions must take place within the porous substrate by diffusion of
cations into the boundary layer. If precipitation takes place in a
zone removed from the metal-liquid interface, then the solid phase
formed is dispersed into the bulk of the liquid phase. The latter
process occurs in all runs to some degree, due to the gross agita-
tion of the solution by the magnetic stirring as well as localized ag-
itation created by the release of hydrogen from the electrode. Thus,
for a given set of operative conditions, such as current density value
(i. e., hydroxyl ion generation rate) and localized turbulence level,
the lower the solubility of the reaction product the greater will be
the tendency for precipitation to occur further away from the metal-
liquid interface. Lowering the rate of hydroxyl ion generation, while
maintaining a high cation concentration, should help to overcome this
tendency. Attempts in this direction were made by reducing the cur-
rent density values for magnesium coatings down to 3. 9 milliamperes
per centimeter squared (one-quarter of the lowest value used for the
calcium hydroxide films). The results were not encouraging since
film thicknesses were barely measurable. From a practical pro-
cessing point of view, it did not appear promising to reduce the cur-
rent density values still further, since the processing time to obtain
films of several mils would be too long. It is conceivable that dif-
fering crystal structures of the solid phase precipitate, possible
changes in state of hydration of the films, and accompanying volume
changes with varying pH could influence adherence and the ability to
build up film thickness. Time prohibited an investigation of suffic-
ient detail to establish the validity of these speculations. It is be-
lieved that the argument presented above is most consistent with all
of the observations, particularly the lack of voltage rise in the case
where a film buildup was obtained. Additional evidence in support
of this point is presented in the following pages.

Resistance increase values, compared to the film weight and
film thickness values, showed the highest degree of scatter and low-
est level of correlation with ampere-hour input. This was due in
part to the variation in resistance values observed for uncoated sil-
ver electrodes. An initial check of a number of uncoated (i.e., as
received) electrodes yielded extrapolated resistance values ranging
from 0.07 to 0.21 ohm for one-half size plates. Subsequent tests
with full size electrodes showed that extended soaking of the elec-
trodes for periods greater than twenty-four hours increased the
penetration of electrolyte into the pores of the electrode. Under these
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conditions the resistance values of uncoated full-size electrodes
ranged from 0. 08 to 0. 17 ohm. The increased soaking reduced
the maximum to minimum value ratio to approximately two to one
from three to one.

On the basis of these results and considerations previously dis-
cussed, it was decided to continue the process variables study for
calcium hydroxide films, followed by the evaluation of performance
of those films that appeared most promising.

Calcium Hydroxide Deposition Studies

Following the exploratory tests, emphasis was placed on delineating
more accurately the range of process variable values yielding coatings . -
with improved overall characteristics. Additional deposition tests were
made over a range of concentrations, similar to that done for the magnesium
hydroxide films. The electrode substrate condition was varied with respect
to state of charge, and the effect of the absence or presence of electrolyte
within the pores was also investigated. More attention was devoted to deter-
mining qualitatively the effect of increasing solution agitation rate. Finally,
additional experimentation was made with insulation of leads penetrating the
electrolyte bath to reduce stray current flow.

The primary objective was to determine if adherence and uniformity of
coverage could be improved, and if resistance increase values could be made
more reproducible and lower in value than observed in the exploratory runs.
From the exploratory studies previously discussed, it appeared that the most
uniform coatings and reproducible results were obtained in the current den-
sity range between 62 and 155 milliamperes per centimeter squared. On the
basis of these studies it was decided to first investigate the effect of several
electrode state and pretreatment combinations at a fixed electrolyte concen-
tration and current density. This study was followed by an investiagtion of
electrolyte concentration using two of the more promising electrode state-
pretreatment combinations as a parameter.

Concurrent with this phase of the work, the evaluation of the perform-
ance characteristics of some of the better electrodes was started. The re-
sults of the latter are discussed in the next section.

Electrode State and Pretreatment Study Results -- For these tests full
size electrodes (i.e., 1-5/8 by 1-1/2 inches) that were removed from Yard-
ney Model YS 5-(S)-4 cells were used. The electrodes were all coated in
one liter of electrolyte, containing 70 grams per liter of calcium acetate
buffered with approximately 1. 0 gram of calcium hydroxide. Additional
calcium hydroxide was added in 1. 0 gram increments after every two to
three coating runs. The current density for all runs was 93 milliamperes
per centimeter squared. The coating time was normally 20 minutes, with
a few experiments at 15 and 30 minutes.
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Following the coating step, the electrodes were rinsed with distilled
water, soaked in potassium hydroxide for a period of twenty-four hours and
the 1000 cycles per second resistance measurements were made, The
electrodes were rinsed again in distilled water, oven dried at 1459C for one
hour, weighed and remeasured for thickness.

The experimental and calculated data for this set of experiments are re-
corded in Appendix III. A condensed tabulation of the film characteristics
and general film quality versus the various combinations of electrode state
and pretreatment is given in Table 2. The term "Reverse Coating'' in Table
2 indicates that the electrode was first charged in the coating electrolyte
bath for the period of time indicated, and then the polarity was reversed to
start the film deposition process. The electrode pretreatment prior to the
reverse coating was in the dried condition as described previously in this
section under ""Electrodes.

The most significant conclusions drawn from an examination of the data
recorded in Table 2 are as follows:

1. The electrodes, regardless of state charge, which contained no -
liquid in the pores and were dried, produced the most uniform and
complete films. The electrodes containing water in the pores were
intermediate in this respect, and poor films or no films were achieved
with potassium hydroxide in the pores.

2. The electrodes which had been cycled and discharged or charged pro-
duced the most uniform and complete films. Visually, the films pro-
duced from the charged electrodes were more uniform in appearance
than the cycled and discharged electrodes.

3. Resistance increases continuedto bevariable. Resistance values of
pretreated coated electrodes showed less increase than had been ob-
served in the previously discussed exploratory experiments.

The lack of significant film thickness buildup for the electrodes contain-
ing potassium hydroxide or water in the pores is additional supporting evi-
dence that effective film growth requires a thin boundary layer at the metal-
electrolyte interface. This layer must have a high concentration of cations
available at the interface.

Under the conditions of liquid purposely left in the pores, the zone of pre-
cipitation was extended to the outer surface of the electrode and most of the
precipitate went into the bulk of the solution. An examination of the voltage
increase across the cell obtained at the end of the coating runs, showed vol-
tage increases for the electrodes having no coatings or partial coatings rang-
ing from 12 to 35 volts. This voltage increase across the cell is in marked
contrast to the one volt increase obtained in all of the runs attempted with
magnesium hydroxide,
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TABLE 2

EFFECT OF ELECTRODE STATE AND PRETREATMENT
ON CALCIUM HYDROXIDE FILMS

Resistance - Weight Film Remarks
Electrode-State ohms Gain Thickness on Film
and Pretreatment No., Initial Final Grams mils/side Quality
Uncharged-KOH 3 .150 .080 .073 0.1 Partially Coated
4 .150 .043 .068 <0.1 No Coat
8 111 .101 034 <£0.1 No Coat
12 111 .062 .043 0.1 No Coat
Reverse Coating 2 .080 127 045 1.4 Coated
for 10 min.
H,0 6 112 .083 .105 0.4 Partially Coated
7 .112 .053 .100 0.4 Partially Coated
15 .092 112 .032 --- No Coat
16 111 .088 .037 <0.,1 No Coat
Dried 10 .100 .110 .178 0.85 Coated
11 .120 .090 .191 1,05 Coated
Cycled-Discharged-KOH 5 043 .100 0.200 2,25 Partially Coated
9 .098 .061 0.164 2.55 Partially Coated
H,0 1 .110 .068 324 3.0 Coated
13 .081 .119 J437 3.2 Coated
Reverse 19 .162 .072 -.362 0 No Coat
Coating 20% .100 .260 +.371 4,7 Coated
for 20 17% .130  .060 -.075 1.9¢1)  Ppartially Coated
min. (D) Thickness where
coated

Dried 21 .170 0.080 254 Coated
22 .170 0.070 .288 Coated

1.5
1.5
Charged-H,0 23 .140 .130 .480 1.4 Coated
24 .130 . 300 .718 3.0 Coated
14  .120  .070  .295 1.8(1)  partially Coated
(1)Thickness where

coated
Dried 18 .170 .175 . 304 1,25 Coated
. 25 .170 .175 .525 2,0 Coated

NOTES: Electrodes - Full Size Silver 1-5/8" x 1-1/2"
Electrolyte Concentration - 70 g/l of calcium acetate
Coating Time - 20 minutes nominal
Current Density - 93 ma/cm

*Coated in a fresh volume of electrolyte after reversal,
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These observations support the overall thesis that to form adhering films
and achieve subsequent film thickness increase, the initial film deposition
must occur within the porous electrode structure. Presumably, this growth
of film in the pores forms an interlocking network with the metallic substrate
and determines, in large part, the extent of film adherence. The nature of
the initial film formation and the mechanism whereby it continues to grow
cannot be conclusively deduced from the experimental results in hand, Since
the calcium hydroxide is an insulator, and not known to be an ionic conduc-
tor, these results suggest that the transport of hydroxyl ions through the film
depends on a fine pore structure containing a liquid phase in which the hydroxyl
ions are transported. One point that is difficult to resolve is the observed
large voltage drop that develops while the film is deposited and the low value
of effective resistance displayed by the coated electrodes when used as a bat-
tery electrode. This point is discussed in more detail in Section 4,"Elec-
trode Performance Studies.'

The persistent scatterand poor reproducibility of resistance gain values
is probably also related to the structure of the initial film deposited. An
additional factor is the pore structure of the electrode substrate which would
control the extent of penetration by the electrolyte and the amount of electro-
lyte held in the electrode and, consequently, the amount of film formed in the
pores. Detailed investigations of these factors were beyond the scope of the
current program.

A random check of the density of the thicker films calculated from the
weight gain and thickness measurements show values ranging from 85 to
100 percent of the theoretical value for the calcium hydroxide films. Cross-
sectional photomicrographs of the films at a magnification of 645X also show
a relatively dense structure compared to electrode substrate structure. Fig-
ure 7 illustrates this observation.

Electrolyte Concentration Study Results -- In this phase of the process
parameter studies, the effect of electrolyte concentration on film character-
istics was investigated. The concentration levels used were 140, 280, and
360 grams per liter of calcium acetate. The two most promising electrode
states,as determined from previous studies, were cycled-discharged and
cycled-charged. These states were used as parameters. for this study.
Subsequent to the adjustment of the state of charge, the electrodes were
thoroughly rinsed in distilled water and dried at 145°C in air for one hour.
The current density was held constant at 93 milliamperes per centimeter
squared. The coating time was varied to obtain film thickness over the range
of 1 to 5 mils per side.

Electrodes of the three types discussed previously were used in the tests.
The experimental and calculated data for these tests are recorded in Appen-
dix IV. A condensed tabulation of the data is given in Table 3. An analysis
of these data shows the following significant effects:
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Figure 7.

Calcium Hydroxide Coated Silver Electrodes; As-polished;
Bright Field Illumination, 645X.
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1. The electrodes in the cycled-charged state showed a greater ten-
dency to yield incomplete coatings, compared to the electrodes in
the cycled-discharged state. This effect seemed to be more pro-
nounced at the higher electrolyte concentration level of 360 grams
per liter than at the 140 grams per liter level.

2. For the most complete coatings, the effect of electrolyte concen-
trations on resistance increase did not appear significant.

3. At the longest coating time of 30 minutes, the coulombic efficiency
as measured by the weight gains of the films appears to increase
with increasing electrolyte concentration from 140 to 280 grams per
liter. Increasing the concentration from 280 to 360 grams per liter
causes the efficiency to decrease.

4. There were no observable effects on film characteristics that could
be attributed to the three types of electrodes used.

In the course of this work it was observed that film growth generally pro-
ceeded from the bottom edge of the electrode to the top, during the course of
a run, The film would become thicker at the bottom edge first, and then with
continued coating time the thickness increased progressively to the top edge
of the electrode. An increase in agitation of the electrolyte more rapidly re-
moved the evolving hydrogen from the upper portion of the electrode. This,
in turn, permitted a more rapid growth of the film to the top edge of the elec-
trode. At the higher electrolyte concentration levels, the increase in solu-
tion density and viscosity decreased the degree of ag1tat1or1 provided by the
magnetic stirrer at a given setting. From this standpoint it was preferable
to use as low a concentration of electrolyte as possible.

The other general problem which influenced film thickness uniformity
was the method of making the electrical connection to the electrode. In the
early runs an additional electrical lead was spot-welded to the original elec-
trode lead and the electrode was held in place by means of an alligator clip
anchored to a rod, with provisions to adjust the elevation of the electrode in
the bath. This method generally resulted in a thinner film thickness in the
area of the electrode where the original electrical lead was spot-welded to
the electrode. After some experimentation the following method was used to
minimize this problem. The original electrical lead on the electrode was
insulated by spraying a film of Krylon No. 1302. The alligator clip having
serrated jaws was insulated with the Krylon film, as well as the rod to which
it was attached for positioning in the bath. In this manner electrical paths to
the electrolyte were restricted. Electric current flow from the clip to the
electrode takes place throughthe serrationtips, which penetrate the electrode.

The improvements in film thickness uniformity obtained with increased
agitation and the final method of electrical connection are illustrated in Fig-
ures 8 through 10. The preferred range of process variable values and elec-
trode state, and pretreatments for obtaining films of overall good quality in
terms of the characteristics evaluated to date, are summarized in Table 4.
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Table 4

PREFERRED PROCESS PARAMETER VALUES
FOR CALCIUM HYDROXIDE FILMS

Process Parameter Range

70 - 280 grams per liter calcium acetate.

Electrolyte Concentration Further work isneeded to define optimum.

Buffering Concentration 1 - 2 grams per liter calcium hydroxide

Current Density 75 - 155 milliamperes per centimeter
squared

Coating Time 10 - 15 minutes for 2 mil thick film

Electrolyte Agitation Required - improved film coverage and

thickness uniformity obtained in
shorter time with more intensive
rate of stirring.

Electrode State Cycled~discharged state or:.cycled-charged
state.”. Improves adherence of film.

Electrode Pore Content No liquid. Dry in air at elevated tem-
perature 100 - 150°C,

ELECTRODE PERFORMANCE STUDIES

As the electrodes with better films were obtained from the deposition
process studies, work on the evaluation of the performance characteristics
was conducted in parallel to the process studies.

The principal items investigated are summarized below:
Electrode Capacity under constant current charge-discharge for

a small number of cycles (6 to 12) at approximately 100 percent
depth of discharge.

Polarization of the electrodes with several fillm thicknesses over
a range of current densities to determine the effective resistance
of coated electrodes.

Sterilization of the electrodes in a dry, inert gas environment
and in 31 percent by weight potassium hydroxide at 145°C, followed
by capacity, polarization, and silver migration.determinations.

Silver Migration through the film after short term constant cur-
rent charge-discharge cycling.
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Capacity Results

The capacity tests were made in a test cell, consisting of a single test
electrode and two counter cadmium electrodes. One or two layers of nylon
separator were wrapped around the test electrode, A plastic, open-mesh
screen was placed on each side of the wrapped electrode to provide separa-
tion from the cadmium electrode, The test cell components and an assembled
cell are shown in Figures 11 and 12, Initially, tests were made without the
wrap and the plastic screen., This setup was unsatisfactory, since many of
the cells shorted out after a few cycles. This apparently resulted from sil-
ver bridging through imperfections in the films.

The electrolyte used was 31 percent by weight potassium hydroxide. Dis-
tilled water was added once a day to make up for evaporative losses. The
cells were usually cycled from six to twelve times, after a low constant cur-
rent formation charge and discharge. Thechargesand discharges were made
at constant current. These were varied to some extent, but generally the
charge was made at 100 milliamperes. Since the nominal capacity of the
various plates in use varied from approximately 1000 to 1250 milliampere-
hours, the charge rate corresponds to a range of 0.1 to 0. 08 C and the dis-
charge rate from 0.2t0 0,16 C, Typical results from these tests are
given in Table 5 for electrodes having various pretreatments, and film
thickness. These results demonstrate that the capacity developed by the
coated electrodes is in the same range as that developed by uncoated elec-
trodes. There is no evidence that capacity is significantly influenced by
film thickness.

A comparative capacity test was made with two five-ampere-hour cells--
one with electrodes coated to a film thickness of approximately 2 mils per
side and the other a control cell with uncoated electrodes. These cellswere
Yardney Model YS5 containing five silver electrodes and four cadmium elec-
trodes. The original separator system was retained in both cells. The elec-
trolyte supplied by the manufacturer was used. The cells were cycled eight
times, the charge rate was 0. 3 amperes for 18 hours and the discharge rate
was 2. 0 amperes. The capacity obtained on the eighth cycle is shown in
Figure 13. The voltage time behavior of the two cells, out to 4 ampere-hours,
are approximately the same, except for the unexplainable higher starting
voltage for the cell with the coated electrodes.

Polarization Results

The potential of the silver electrode versus a mercury-mercuric oxide
reference electrode was measured for a number of electrodes in the test cell
configuration shown in Figure 12. A condensed tabulation of data for elec-
trodes with varying film thicknesses at discharge currents from open circuit
to one ampere (approximately C rate) is shown in Table 6. All of the data
points for these electrodes are listed in Appendix V. At 0.1 amperes the
polarization of the coated electrodes ranges from 4 to 13 percent less than
the average of the uncoated electrodes. At 1.0 ampere the coated electrode
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Test Cell Assembly.

Figure 12.
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Figure 13. Discharge Voltage Curves - 5 A.H. Cells.
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ranges from ten percent less to twenty percent greater than the average for
the uncoated electrode. The polarization does not appear to be greatly af-
fected by film thickness over the range of 1 to 5 mils per side.

A typical silver electrode polarization curve and total cell voltage curve
are shown in Figure 14.

Silver Migration

The effectiveness of the films to control silver migration was determined
by analysis of the separator that was wrapped around the coated electrode and
in some cases the electrolyte. The analytical procedure is described pre-
viously in this section under ""Electrode Performance Characteristics.' Anal-
ysis on the cells was made after the cycling tests to determine the capacity.
Results for the various electrodes as compared to uncoated electrodes are
shown in Table 7. For the first two groups of electrodes the results are com-
parable and indicate that the films are effective in retarding silver transport
over the course of nine cycles, which was the number these electrodes re-
ceived. These films, on the Mariner electrodes, were not intact after cycling;
they had cracked during the course of assembling the cells. The appearance
of the electrodes after cycling are shown in Figure 16. The correspondence
of the dark areas of the separator to poorly coated areas, such as the edges
and crazed regions, is evident by examining Figures 15 and 16. Presumably,
the darker areas represent the areas of greatest silver content; however,
this was not determined by the analysis of these areas specifically.

The levels of silver transported through the films in the last group of
electrodes are somewhat higher than the first two groups. However, the
trend still is evident that the coated electrodes are effective in controlling
silver migration. The cycling history of the last group of electrodes was
different than the first two groups. The latter were cycled at a charge rate
of 100 milliamperes and discharged at 200 milliamperes for 8 to 9 cycles.
The third group electrodes were charged and discharged at higher rates. For
cycles 3 through 5 the charge rate was 200 milliamperes and the discharge
rate was 400 milliamperes; for cycles 6 through 9 the charge rate was 200
milliamperes and the discharge rate was 500 milliamperes. Overall, the
data suggest that films of two to three mils in thickness may be more effec-
tive in controlling silver migration. Additional tests are needed to confirm
this trend.

Sterilization Test Results

The preliminary tests, performed early in the program, showed that the
coated electrodes could be sterilized without a loss of film. The capacity
measurements made on these electrodes generally yielded low (100 to 200
milliampererhours) to zero capacity after three to six charge-discharge cycles.
The electrodes were reverse charged to determine if this would improve the
charge acceptance. This treatment did not improve the charge acceptance
since capacity values were still low. An examination of the 1000 cycles per
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second resistance values before and after sterilization did not show any
major changes that would account for the observed behavior,

The sterilization experiments were repeated with new electrodes with -
the following modifications in procedure. For the sterilization designated
Wet in the following text, the 31 percent by weight potassium hydroxide so-
lution in which the electrodes were immersed was first degassed by boiling
for one hour. For the sterilization designated Dry, the electrodes were
placed in the Teéflon beaker setting in the steel bomb. The assembly was
then flushed with dry nitrogen for ‘ten minutes and sealed immediately there-
after. No liquid was used in this case. The purpose of these procedures
. was to minimize the oxygen content, which might oxidize the electrode or the
wire screen grid in the electrode during the course of the sterilization. Using
these precautions the coated and uncoated electrodes developed the nominal
capacity. The results of these tests are summarized in Table 8. The rea-
son for the low capacity developed by the unsterilized electrode is not known.

A comparison of the effect of sterilization on polarization for coated and
uncoated silver electirodes is shown in Table 9 for two current levels. The
results indicate there is no adverse effect on the polarization for either
- coated or uncoated electrodes aft er sterilization,

The cell resistance calculated from the polarization measurements, ex-
pressed in terms of ohms per square inch of electrode cross-sectional area,
is tabulated in Table 10. There is no strong correlation with sterilization
history, film thickness, or the 1000 cycles per second resistance values.

The migration of silver for two levels of film thickness, with different
sterilization history, are compared in Table 11. The data indicate that the
thinner films may be more effective in reducing silver migration than the
thicker films. In turn thicker firms are more effective than no films at all.

MODIFIED 5 A H, CELLS

Ten Yardney Model YS5, 5 A, H. silver-cadmium cells were modified and
delivered to National Aeronautics and Space Administration Goddard Space
Flight Center for testing.

Five cells (numbers 1, 3, 4, 5, and 6) contain silver electrodes with
nominal 2 mils per side calcium hydroxide films. Cells numbered 7, 8,
9, 10, and 11 contain silver electrodes with nominal 5 mils per side calcium
hydroxide films.

These cells also contain five silver electrodes and four cadmium elec-
trodes. The separator system in these cells is wrapped around the cadmium
electrode. This system was left intact and retained in the modified cells.
To accommodate the increase in thickness contributed by the films it was
necessary to machine the walls of the cell cas€¢s. For the cells containing
electrodes with the 2 mils per side films, twenty mils were removed from
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Table 8

EFFECT OF STERILIZATION ON CAPACITY

Capacity-Ma.-Hrs.

Film

Electrode Sterilization Thickness CYCLE NUMBER

Number Type mils/side 6 7 8 9
S-12 Wet None 1050 1100 1100 1030
S-7 Dry 1.75 1000 1050 950 1000
2-1 Wet 2.10 1000 1050 1100 1000
2-2 None 2.10 900 1000 1100 950
2-4 None 4.75 500 500 875 625
2-5 Wet 4.75 1050 1000 1100 900

NOTE: Charge rate - 200 ma.

Discharge rate - 500 ma.
Electrodes - Yardney YSS Type
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Table 9

EFFECT OF STERILIZATION ON POLARIZATION

Film Discharge Rate - Amperes
Electrode Sterilization Thickness 0.1 1.0
Number Type mils/side E ref E cell E ref E cell
B-1 None None 0.210 1.14 0.180 1.07
B-2 None None 0.210 1.14 0.191 1.08
S-4 Dry None 0.209 1.17 —— -
S-6 Dry None 0.209 1.14 0.195 1.07
S-11 Wet None 0.203 1.11 - -
S-12 Wet None 0.246 1.10 0.204 0.99
S-8 Dry. 1.75 0.204 1.13 0.175 1.05
S-7 Dry 1.75 0.235 1.10 0.164 0.93
2-1 Wet 2.10 0.246 1.11 0.201 0.99
2-2 None 2.10 0.250 1.11 -—— -
2-5 Wet 4.75 0.255 1.10 0.179 0.81
2-4 None 4.75 0.247 1.12 0.181 0.94
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ELECTRODE FILM THICKNESS AND STERILIZATION HISTORY

able

1N
i1y

COMPARISON OF CELL RESISTANCE WITH

Resistance
Polarization Resistance
Electrode Coating Sterilization x 103 /in? 1000 cps Formation
B-1 None None 13 - 1
B-2 None None 26 -— 1
S-4 None Dry 9 0.120 1
S-6 None Dry 16 0.075 1
S-11 None Wet 31 0.100 1
S-12 None Wet 36 0.100 3
69 1.50 None 16 0.287 2
67 2.60 None 72 0.248 2
68 3.00 None 36 0.182 2
2-4 4.75 None 73 0.520 3
S-8 1.75 Dry 31 0.085 1
S-7 1.75 Dry 71 0.075 3
2-2 2.10 None 145 0.215 3
2-1 2.10 Wet 34 0.285 3
2-5 4.75 Wet 64 0.505 3

Formation History:

1 - Four cycles charged at 100

- discharged 200
2 - Five cycles charged at 100 mamp - discharged 200 mamp
3 - As in capacity studies
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one cell wall. For the cells containing the electrodes with thicker films,
twenty mils were removed from both cell walls.

The films for these electrodes were deposited from an electrolyte contain-
ing 140 grams per liter of calcium acetate buffered with solid calcium hydrox-
ide, The solid hydroxide concentration was initially one gram per liter. Per-
iodic additions of hydroxide were made after every two to three electrodes had
been coated. The current density was 93 milliamperes per square centimeter.
Prior to coating, the electrodes were cycled once with charging at 200 milli-
amperes for six hours and discharging at 500 milliamperes for four hours.
The electrodes were shorted overnight. Prior to coating, the electrodes
were rinsed in distilled water and dried at 145°C for one hour.

The data for the electrodes for each cell are recorded in Appendix VI.
The quality of these coatings with respect to coverage and uniformity was
good.

The appearance of the electrodes for the two thickness levels is shown
in Figures 17 and 18. A view of a partially assembled modified 5 A.H. cell
is shown in Figure 19,
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Figure 19. Partially Assembled Modified 5 A.H. Cell.
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PRECEDING PAGE BLANK NOT FILMED.

Several areas of new technology were revealed in the course of this
study. The areas of significance that are described in this report are ref-

erenced below by page number. The areas identified as New Technology

Section 4

NEW TECHNOLOGY STATEMENT

are not considered to embrace patent innovations.

Page 1 --

Page3 --

Page 19 --

Page 22 --

Page 31 --

Page 38 --

The first paragraph summarizes the entire program
and as such represents new technology.

The entire section starting on this page entitled
Coatirig - Process Description should be considered

new technology.

Item 1, Adherence and Uniformity of Coverage and
Item 2, Other Observations and General Conclusions
both represent new technology.

Beginning with the third paragraph up to the section
entitled Electrolyte Concentration Study Results
should be considered as new technology.

The data of Table 4 represent. a summary of the
new technology.

The sections entitled Silver Migration and Steriliza-
tion Test Results should be considered to be new
technology.
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PRECEDING PAGE BLANK NOT: FILMED. Section 5

RECOMMENDATIONS

On the basis of this study, the following recommendations are made.

1.

Testing of modified 5 A, H. silver-cadmium cells by National Aero-
nautics and Space Administration - Goddard Space Flight Center,
should be carried out in order to determine longer term performance
capability of coatings with respect to controlling silver migration and
and significance of film thickness in performance.

Assuming the results from the above tests will be encouraging, add-
itional studies should be undertaken to optimize film structure and
thickness for use in the silver-cadmium cell system. These studies
should inciude a detailed examination of the film structure, to de-
termine how the film functions in the control of silver migration and
transport of hydroxl ions. An additional factor, not examined in the
work completed, is the effect of varying the electrode substrate por-
osity and pore size distribution on the adherence of the film to the
electrode and its ability to function as an effective silver migration
barrier.

The value of coating cadmium electrodes should also be examined
with respect to obtaining long cyclic life with good cell polarization
characteristics. The objective should be to determine what combi-
nation of film thicknesses on both electrodes would be equivalent to
the presently used organic multi-layer barrier, or if a composite
separator system of hydroxide films and organic diffusion barrier
would yield optimum performance with lower separator and organic
diffusion barrier thicknesses.

Independent of the above studies, it is recommended that evaluation
of these films as separators in the silver-zinc cell system be under-
taken. This should have the purpose of controlling both silver mi-
gration and zinc dendrite growth.

Present work on this project has been confined to Laboratory meth-
ods of film preparations. Further work on the translation of Labor-
atory methods to practical controlled processes is required be-
fore aerospace cells can be produced satisfactorily.

55




MAGNESIUM HYDROXIDE FILM DATA

Appendix I

Electrodes -- Silver plates from Yardney YS5-(S)-4 Cells

Uncharged State

Size - 13/16'"x24/18'"" - one half of original plate size

Electrolyte -- 70 g/1 Magnesium Acetate + excess solid Mg(OH)»

Weight Thickness Resistance
Current Time  Gain per side Gain - 1000cps

Sample Number ma. min, grams mils ohms
1-1 240 60 0.127 2.5 0.035
2-1 240 30 0.091 1.3 0.035
3-1 240 90 0.169 4.3 0.015
4-1 240 120 0.216 6.3 0.005
1-2 488 30 0.129 3.6 0.135
2-2 404 60 0.196 5.7 0.130
-2 488 90 0.412 12.8 0.110
4-2 404 45 0.168 5.0 0.125
1-3 204 30 0. 093 0. 50 0. 055
- 204 60 0.139 1.25 0.095
4-3 408 60 0.174 1.75 0.135
- 434 120 0.354 5.0 0. 055
- 430 60 0.176 3. 0.140
3-4 430 30 0.079 2.5 0. 030
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Appendix I (continued)
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Appendix II
CALCIUM HYDROXIDE FILLM DATA

Electrodes -- Silver Plates from Yardney YS5-(S)-4 Cells
Uncharged State

Electrolyte -~ 70 g/1 of Calcium Acetate + excess solid Ca(OH),y

Weight Thickness Resistance
Current Time Gain per side Gain - 1000 cps
Sample Number ma. min, grams mils ohms

Size - 13/16" x 24/16" -- one-half original plate size

1-1 210 60 0. 021

plus 420 60 0. 400 --- 0.06
2-1 420 120 0. 098 0.045
3-1 750 165 0.176 1.0 0. 89
4-1 750 165 0.175 0.95 0.55
1-2 800 30 0. 166 1.5 0.19
2-2 800 60 --- 1.5 0.31

plus 500 135 --- 2.0 0.51

Size - 1-1/2" x 1-5/8" -- original plate size

1-1 500 120 0. 322

plus 1000 60 0.350

0.672 2.5 0.53
2-1 1000 60 0. 404 2.5 0.71
3 :)lus To00 Gy 0.473 2.5 0.77
1-2 1000 60 0.614 2.5 0.60
2-2 1000 45 0. 396 2.0 0.50
3-2 1000 45 0. 390 2.0 0.42
4-2 1000 45 0. 341 1.0 0.53
1-3 1000 45 0. 540 2.5 0.17
2-3 1000 45 0. 485 2.2 0.29
3-3 1000 45 0. 364 1.1 0.17
Electrode -- charged @ 100 ma for 16 hrs. prior to coating
1 1000 60 0. 303 3.5 0.21
2 1000 60 0. 431 7.5 0.36
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Appendix V
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Appendix V (contired)
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YS-5 Modified
Cell Number

10

11

Electrode
Number

B R R D W W W W W e
[ L | ) IR T Y N | UL 1
B W N R W= DR WN = R WN R W N

COO00C WYWOWLOL®W WWMWRW ~JTd~J~T~J DT LVOrooo o
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—
(=]
1

11-1
11-2
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11-4
11-5

BB RS PR RR BRRARR ARRER Bppe
oo
[o-]
(o]

.

1
oW N G W - DW= W= O
BB R R E R B AR e

Initial Weight

-~
%]
©

802
699

737
860
743
729
748

608
689
683
623
681

747
756
738
743
754

720
796
794

B

-3
w
-1

4,824

4, 685
4,643
4,639
4.613
4.694

Appendix VI
DATA FOR ELECTRODES USED IN MODIFIED YS-5 A H. CELLS

Initial Thickness
(mils)

22.9

22.6
22.6
23.2
23.0
23.2

23.4
23.0
22.6
23.4
22.8

23.0
23.0
23.0
22.8
23.0

22.5
23.0
23.0
23.0
23.0

22.6
23.0
22.8
22.8
22.9

23.0
23.3
23.2
23.3
22,8

23.0
23.0
23.0
23.0
23.2

23.0
23.0
22,9
22.8
23.0

*Electrolyte -~ 140 g/l calcium acetate
~ 1 g/1 calcium hydroxide

Current density = 93 ma/cm
Electrode state--cycled, discharged, and dried
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Initial Resistance
(ohms)
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Coating Time
{min)
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12

10
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13
12
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29
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27
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33
32

Initial Volts
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(grams)
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. 294
. 347

.385
. 401

. 2817
. 303
400
. 436
. 450

. 216
. 315
. 381
. 411
. 430

. 303
503
495
492
513
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.336
. 399
. 325
. 468

. 589
. 841
. 744
663
709

. 349
. 651
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. 732
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